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IN TROD UCTION

Ileshear-control illet hod of' t lainencltationl control0 is nlow Widely uIsed inl
h onbS and x arleads to produce t'ragw ents of' desired] shapes and sizes and to
achi eve spc i l'ie trlagientat ionl signadtures f Ior weapons. First developed at the Naval
Weapons, (enter ( NW( ), thle teCluIli(lLIC uIses a pat tern of' grooves which forins a
"Ind s stCurI on thle inl1I nrs1.r rface of' the warhecad case I Refecrences I and 2). This
"rid tkLilictiOris aS a t'amlvl o1' dyniamiic stress raisers and controls the locations of'
shear tractutre itiffation in tile case diiring tire detonation and case expansion
pr ice ss.

Thris control mncthod is most effe'ctive inl a warhecad with case thickness and
0 mlater-ial prpri sLIurh that Shear frlacture predomi inates in the f'ragmen tat ion

process. G ood control also re(Ilires that lie geometry of' the grid pattern comple-
irIIlt.s the Str-ainl-field geomnetry durIIingl case ex pansion and that the grid spacinrg and
g'rid 1)ro0tile con t'igirrations are opt jiized for thle reqired 1'ragruen tat ion signature.

Ibhis control inct hod 1,hasI been ffectivclv, Used in a wide range of' bomb and
* warhead sr/es woith a vane t\ of different steels ranging f'rom the lower-strength.
* plain, lo -carbonl types to mnal n Of' tliee 110- ductile. hiigl-strength . heat-treatable

ones I Reference I ). ToF da te. rMost of' these aplicationis have been f'or either
Sii- bii rst Or s1.i rfiCe-bu rISt we apolns. H oweve r. thereC is also a needL for f'ragmen tat ion

COntro 1CHmet ldssnLia feor the wa rlrcads of' penetrator weapons to be Used
ae-ainst hard and moderately hard targets. According'-ly, the shear-control method is
en rrcrli tl be iig stutdiedl t r possi He use In penrc tra tor wecapolls thIiat will he ciiiIployedI
aiarst more)I reSiStanlt targ'ets Such as Ships or- rcilffreed coricretecartlr structures.

l"' be 0tcctkye ill theCSe si tuat ion"s, tile weCapon1 1Iii lst penerate soIic d istarIlC inlto
Inc. Linret betore tie kwa rlead is detonrated . Since tie warhecad itself' is tilie min

*perlct ra tor Co mponen t of' tile weapon, it in List be dinedNIL to w ithIstanrd severe
loadingS codtin uring the impact and penietratioil liro)ess. I Iowe\ er. Since a1

sicar-conitrol enrd M Inch hlas been maclined or t'orrird into 11 tIre iner surfaJc Of' tile
caeiria\ actd As a stress raiser during target interactioin. therehsbeiocr
that theC p~reseceI 0I suIch a en1-d rilit affIect tile struCt11J irrliitCeritV of thle case
aid. hen-Ice, the surIvivabilityr ofI tirewep.

1hIis report deals with part of- air onrgoirigl prgrir01-I deCsigneId to study this

potcrit al probhlcIli ot' grid ushage arid, if' possileI, to estiahlislrdsh hilitatiOlis 1'or
tire use ~ l of s1c grds r prir ta potionls of' this program involved tile uis oh,

sIMll-scale,. steel perietrators whlich wreI. grin-t'ired ag-ainist targetCs Of' steelplate arid
tar )t ofSimulated concirete. lire present report deals, primiarily with initallograpllic

obsenat (ri rarine the t'ail nrc processes whnich Ii CC Irred ill t Ines sill all-scale St eel
pImictratlrs. On)re ot, thre failure p)rocessesc, observed ini thecse. studies, anid stressedl ill

L3
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this report. is the oC tl-I cc of' conccntratLed shear IbaldS ill tle microstru'tur ot
the steel which can serve as precursors to shear fracture.

BACKGROUND

A simple p 'nctrator warhead consists basically of an explosive-filled , hollow.
sleel cylinder w;- a thick, solid nose section at the Iront (impact) end to protect
the explosive filler and aid in the target penetration process. 'lie front end of' tle
penetrator is usulily shaped in some manner to optimize penetration.

I)anmage to the penctrator as a result of' target impact tends to occur ill the
noe sect ion and at the julction between the nose and the cavity wall. For those
peletrators with a relatively flat front, damage to the front end results initiily
from transient stress wave interactions wlicl ma cause spalling and corner
iracturing it' the stress pulses are su fficientlV large ill amplitude and of short
duration, as are normally produced in the perforation of a steel plate target
lRelerence 3). As the transient effects die out, contact forces result in material
flow along and away from the frontal surface. A different type of behavior (i.e., a
typical mushroom shalpe) can resulIt if tile nose is sufficiently blunt, the material
is dtuctile, and the contact forces acting on it are both large and of extended
duration, as would be encountered in the penetration of a massive concrete target.
]hese same forces also produce an outward bulging of the cavity wall at its
jutnction wi ti the nose. This zone of bulging is frequently referred to as the
primary zone of failure, and it is within this region that failure of the wall
noriallv occurs. It was originally thought that the presence of a shear-control
grid on the inner surface of the penetrator wall might lead to premature failure
of' the wall during impact if placed sufficiently close to, or within, this primary

Me of failure.

In order to investigate the effects of shear-control grids on tile su rviva hility
of' penetrator warheads, a series of small-scale tests were conducted against both
simulated concrete and thin steel targets using gul-la lnchied hollow steel penetrators
cointaiing a single circuniferential groove on the inside surl'ace of tile cavity wall.
lhiiis ,roo~c was located either within or belhind the primary zole of failure, and
its de, pt 1 W varied for differeiit tests. A nuther of sinooth-wall penetrators
(co itaiiiii., no internal -roove) of the same size were also tested for conlparison.
In a cmlilnpcin lar study. illlpact conditiolis were Modeled analytically usin a
twt-diiiclision , l finite eleient code. In addition, a microstruLtural analysis, using
rc llectcd-lii l iii icroscopy. was conducted on selectedi penetrators in order to study
the dmilli age t proccss more intiimately. lhe present report treats tle results of the
iirs,,irucltiral studies, although a brief descriptioln of the experinmental procedures
i* il presntCd hr coilil leless. Tle resulIts o1 the ex perillIl tal program and the
aill ,l.;tl ,ludis have bcen reported previously (References 4 and 5).

4
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I.XPIIRINHLNTAL PRO(LI)LS

IL RA rORS

I'cictriitor' . colii'i'tcd of 2-ilchl-loii2. O.5-iiiclI-diIiictcr-. f'lt-I rontcd. 11(111w "fteel
C\ lilldcr-'. 1nicli iiicd 11oin1 S.\ 4340J steel bar stock. I lic nosec ol file cimictrator \as
01.25 inchl thick inl the ccntci. and ie cavity wall Was .(04 inch thick. 'I~ liii'.idc
IIIfac ot L 0Ilk' il)mct cnld Wa'., ml~ilmCd to a l~iini'.phcrl 'dShap1c inl rcr to

1n11111116/ ,.tre' c1cctraio' Mta \\onld ordhirily occur at file tranisition hotween
nlo'c and cafl'.wll dnrinIM2 impIIact. PiICnctrators1 r-c(qnir-in I slicar coHiitro 1!1r00%c

aI dcPt li of citlicr 0.004 or 0.008 inch:I nIIachlICin inlto the inISidC I 0nrac ofitle
cavit\ %Nall. 11iC Cir-CIIIII[Cr-Cntial g~roove wais pos.itioned cithecr 0.46 or 0.71 inichi troii

li1c Irout of tlic pciictrator. A 0.46-inchi di'.tanIcc plICCd fiic grocCXaCtlV A tile
Juinctioii hctwcci tfie no'.c andL Wa11 ll ad inl thC prIimnar% zonc olf failure. while a
0.7 l-inlch d iStMC anc lcaCLcdI the ifrOOVC bcli id til wc\ pcctCd toiwC 01' I'ailnre. A fter
h)cinu ma 'chliicdL penct rAtoS r cr'c hlcat-t1 ruatud to ahrncsof' 38 40 R(, after
\ liicli th 1wont'.idC snac wa lacd wkith al thlin O hont 0.001-inchI) coatin! of'

C()1)1)Cr' Ill oidIcr to Iliiniii/c daunauic to the '-'iil IMarrcl dnrIJinulannlin I lic
ll urlciit tCnlrator01 dIcsiiis iiSCd ill tlIC'c Sttidies ar-c slio\kl ill iii lic 1. 1lhc

rc'iti% c mcl-all hch'ivirl (l- the dlit 'lint lc,,iyll, ha" hccii dcs'crihcd PrC~ iO~sl\
(RcrCICiclc -4).

"FARGI is

~\crcT tc'tct agaulistI t \ [~ \pcS of taruIcts. thin ll anI ~d '.innlat2d
Loirt. St tarCct IL'IN cOlisitcd of lot-rollcd. I I 6-inich-thick. lo\\-carkonl shlt

iil atc1cual %itli a aI c. of 55 RH . SiuiitilatCd c0iCicrctc' tain~ct \\crc iiialdc of
i lnlic IStLIdIr&Id 1)r\ \\AH 10 odnIcts) a faSi SCtinc coiiiiuicrcialI ,oiicr*ctc pth
c Oioiiil d. 111iC prcparalt iOn of filc Iliori tc taicts Ili' I)ccii dCsCrihcd pr'CL\ o'.l\
Rclrc iiucc 4L

TLST PROC[I)URL

PI2(1ij i iors \\crc iliiAtd A iiorliial incidciicc to thic targcts uiv iloh

hsorC. It III)) calihurCL cvaiitc MpICr un Jrct I cr po(sit ioiicd Snfficiclvl close
ito tic 1n[11 inaiilc (io 18 aci so that iiii11act v docitic, Couild he approx)iiiiltdI~

I hu ,olc lilCJaiirCd ill tlic L'nu1 hdarrl. lliC'c kCiciic Obtr ohtaiiicd uiSInut a
%itotul "' 'cuu 'uInd a tiuiu-iiitcrxvaI Counuter. A rccoi c I t') oIdl I llcdf '\ Itli1

ct \~ sIlobh. %kx pkaccol ilii)ucd ia tclv bell inid tilc "I ccl tairgct too h captnrc ali\
Iokrtuot1' fokACuijItr-ior. Iiiipact %clucitics \vcrc Uarick Irvoui lhotut 2(000( It sto alout
))t ttI 'I, \ 11iol tC Coouill)ctC d CS .t rip11i11i of ile CxpciuucuItal, ;ipran isd Ilii'

hCCui oocuuuut pIIII)HCIc iooi1il\ RI~CFCIluCC 0).
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FIGURE 1. Cross-Sectional Views of Test Projectiles with Details of Grooves.
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MET ALLO( 1 RAPIC PROCEDURE

Post-iiiipact pcilctraitors \Crc Cut inl half1 Icnlgthwisc ulsing a highl-SpLCd. katcr-
~00e~l cl t-lt chel. 'lter whlichle c cposCd halfI-sctionIs Were OIIoun flat to 1 IS-

microni I'lush anld ihotoe-raplied. the 'lrward p)ortion1S of' ech sctionI wrcI theni
mo10iintcd Inl Iakelitc an1d prepared u Sii tanda(krd mealoahc technitlies, Ibr Study
with anl optic.a l iicroscopc.

hIc prna> In icrOStruc.ture 01' thle 11ardenedCL peneIltrator materCIial COnsistcd Of"
Inllc tCmpIIcrcdI iuartcnisitc with anlvlai! hardness of' 39) R(-. I addition. baMn ot'
iIlilitcs I rncpl> tlidsad OXideCs) \%ere aligIIed alon1 thle long aX is .. i AIW'-
men It o01u- r II ILI'ics occurIS as a r-csLilt of' metal-wrking llroceSSeS uISCd Ilinlte mann1L-
Iatr ol I ' ' 1 t macria1. 1 his normally cauIses someI redLuctionl Of' Strene-til inl

dir-cctiolns i10111ia1 to tilc aliL'illclut dir-ectionl.

GENERAL ANALYSIS OF PENETRATOR BEHAVIOR

Ilic nat1.- 11c ad de (If 1 dailagc arc deteriii ned by the target type, the im pact
vclociIc prcsc 0ce or a scice of' shear urooves. and, if' shecar grooves are present,

the locaItions and dcptlls of' theC roovcs. Projectiles impacted aga inlst simul.1aed concrete
targets \'IcNl bUiccted to rea t ivcly v ong-duration, moderate levels of' stress which pro-
d uc:d. at i palct Cloci lies, above 200(0 ftS. a prton)ounICed on tward buIIlng o1'ftlie

cavi It\ \ all ilmikiid \ cl ell i id it', unIIction wAithl tile nose. A\t a velocity' beCtwen 2100
andIL .? )() It 'It he11 ' 1iLtic LICIldpiWl Onl the pre-sece1C Or- abseceIC 01t a cirl-Cillereit iah
erooe Ii the huLieecl /ounc a nd onl the depth of' thle i-roove), shear f'ractures inlitiatedI inl
t1Che Il'ed /( 11iC ' itII. as, a result, partial or complete severinlg of' thle niose portion
trout Ille \ ill. lDurine, the pertorationl of stfeel tareets inl tle ,,[file imipact velocity
raiwc. pilctlN xerece 'cr-shr drtionl. iglh stress lCel 0ithi. as al resuLlt, a

illuli Nil,11ier a11munt ()I bitlel, inl the ca\it\ 'il life redc(Ition ill s11idC\ ill daniaee!

WiN ' ,diket. iioM\er 1) C\teLsI (1,d1illaie to the lose of tHe pec.trator ill thle forml ot
iMii tIpi, Npili ie d 111111 ci LI N I I ll ilte a a Il di re toil I Re I c l e mice

\l"t ilil ,l \iuiiililitii )I peilciraois iredk bh tites' of tarects, iiidi-
-0 ,d th,11 i (I-Iil,itlillI o iikIitIACLI ,hiCJi hai)MI& Ill t11C Miiiij Is Lticttii.' of thic ,tcd

11 U i ii1e il, 11 i4 11.C 11CI (d IIIi iM , el V ii ii111Ni tie .ic ie i c a d Ill t ie

I IN liiI NN'i!t, iiiiiNiel IratieN ill hotiil xarea I 1ic shIeii lxids

1 tiiiii tIlj ie I\\~ Cvlilte oLt'1, lie ktill iiiici.0 \ iarC . \\iiite-I

It Ih,- it toitt inI thel Iiitt ii(tiIe CMCTIA~ spcilit eaited

ri11[ 11( c I I I ' 1111k Ii oi I 111 tel. 11 f I o \ie Iii c iI sid C-

A - i I .1 1 A .s1111 Ii tip Ii h i Li ii I Of li a t l 1 te ie ll i i
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littil. Almost imilIriatelv t'Io\ItJIt il 1ch lttiiiltil ot the ii,iiitt\\'ie itAilt.. ii

t'ractue U r opw)"~AItc ii IL11gl I CSt 1)Ititlds'1 ICdii iiSl) Ot II t*)IItl of fle sitlcv. a I. ( dicil l

C\Jllilitiolfl ot Shear tra-,CIiIrC, in h iC' ll fit sidit1', 11 piU)ecttill.'ct lc\ll 'littw ' le"idl-

11,1 tl-it.CS Ot tile SlIt.JIi hltld I1LL tile. CtLI'C Oft the tlCI St' titi~C. IiCA[Ise o UthIle

itlititicatioii oft !IicaI. haiidilg inl ti1C Ililhtire prI-ceSSN ot tile pi)CII rI r\ A- J 1udc

lie\ spc' l ted regardingI the 11,t111.1C 1to1-hlAOI (iIL (Ait1 2CiitiA rlUttOl LIC11

hJiiLI, '0. tlL\\etd b\y a1 b-iCt' LiSIN'is0ti Ot ficrle t'1Cfie\ LJI A) ll plNii CIt~iINIl tCs Of

Ortfl nance appi Cail lN.

SH-EAR B3AND)S

NATURE AND) FORMATION

NUIiie-OnN UrldnlllCC Ill iteriak1. nidLkIIw imm iii)un\ i op Ut ICCIN. tIllItiliLII-hCdi

.ii\tIit,1iiihiil andyN ai L iuilti li IN 1o" '"iiom OC\itiCC tlllt. Mil tle\y AVlC

NL~hbjtcttt to~ ilit.'isc t.'d of~i S1t1 NiIUt iitioll. IllilW ' h\i1CIil I'tr1Attlc I, otII plt.'t.Lc(i

h\ tile formlation ot, ii,11-1-m 1baiiti" l of .Oilkii I r.tod 1 iCMl t(ictt.)iiiiAlitill the iiici-

stlu'lic of theli llAIciai. Iic Ni~~nitpallcr11 oI 'l1It'II tr-iCtnre- iia\ tiicii he

t-!)CNiiedi b\ tihe 11,01.11- ailtd L'etoIIIeti\ ()I file 1'iiiiiI\ ()I ',icJI Itmilli 'at prttdtieeii.

Slicar lxiitmi appear iii l~ bA'i lmmiiil 'trdill~ttjriii'l Ittil"1 lAid. \' hich ilolilaity1

Y10iiC A [teiiii,1iei pliAwt trllslrIlil iLIi ANill ill\ot, the higi-Aeiii it.'iI-IrcA IA he:

Nsccki. ,And ''det,0rni1,tioli handNk M111 1ii 1Cii App.'a a WIO narrCw ofne Ut iiiten ierdl dor-01

iiatit)U (a-, ill file pii. iow-C.rholi ,feel,,. 1WIC -ir- tdliiiIitill i)Aiitk tlih t) he

tjtiIlit 11 t
t
.\ \ il Iii A \ %idtl 1U LIi) to dhtt 2I i ll, tlile! thle ''dt.'t)[111M I " li hU Liit.IN Al

itotmltotict. of tIA trail,,tttmii'Atit) itInLi areV nsIS,11 \ eii LItetinetLI. dllriii1tjttil bInt~h\ 11A\c.

rctkk lldeind ~ilkiie" milLt fleUtJdld o kCM-111101 Il h
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FIGURE 2. Photomicrograph of a Concentrated Shear Band
in a Fragment from an Explosively Loaded SAE 4340 Steel

Cylinder with a Shear-Control Grid (lOOX Magnification).
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FIGURE 3. Photomicrograph of a Concentrated Shear Band

in a Fragment from an Explosively Loaded SAE 1015 Steel

Cylinder with a Shear Control Grid (1 OOX Magnification).
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FIGURE 16. Section-View of Penetrator With Shallow

Control Groove Behind Primary Failure Zone (P-71S)
After Impact on Concrete Target at 2460 ft/s.



F I GLR E 15 S(Ctiori Vl~lk- of Pe netraitor With Deep
Control Gtoov,, in Ptimary Fadutre Zonei (P 46D)
Aftet ImpaI)ct mi (nncrit, Tariit it 2130 ft 's.
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FIGURE 14. Section-View of Penetrator With Shallow

Control Groove in Primary Failure Zone (P-46S)
After Impact on Concrete Target at 2320 ft/s.
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IeicI I slti)Vs a controil erIOOVV il', it p l ill the bulge "d region 01 J
penetratOr- xhich illliciciL it 8h30 I't's. Iblis [IrIoictHI Ic L ad adeccp cciitrl g)OcVC

iccatcd ~ ~ ~ ~ Th 0.6ic-rm Ib ri Urae i roovc was, almhost closedl duirine 1fil
det'orina ion ofi the sidcwall. A wh ite shicar band can be Wellm CX tend(ingL trom1 fle
rcmion of' time groovc to tihe oLutSide SUrfaIce1 i le sidewNall. l~iigurc I-2 shows anl
e. nlarged View Of' t1 hear1C1 band. It appears that several /.oncs of'incipient shicar
fracture have formed within time band. The ropnaiOn an1d link lug toget icr of' such
fractinres along the entir Irclenth ol ile shear band won id ii t imn lly prod ne-01cC cat as-
troph ic failure and separation by complete shecar traJOllC turc 1" thre 1Wawll 01' the
pelet rator. This type 01t shear-badL associated faZilure- illth Ilicsdcwall oi a projectdlc
canl be Seen inl h-igti re0. I'i is pr-oct ie., Whh il hd a dcpI C0111 "l 1r0x IeatCI

0.46 inch f'rom ile frlonlt Sn Ia- ce, taled inl the sidewall alt an in pact velCocity 01'
2950 ft/s !M\icrostruct nral \I xaii lnt ion Showed thalt thme shICar1 traJct~l ill fuile sidewIall
had prlOpaga Jted tIm ro ui"ii a precu rso r band of* conce ntratedci slicar iil itle m crostructiirc
of' the steel.

FIU E 1 , Poo 1rqIp f Icpet S ej

Falue n i riiay alue on C nlmiq D e

CotoIroe(4D fe npito te

Tdrqt at2830ft~s(t)O mjq fic ~ *i1n
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FIGU E 1. Phtomcroraphof oncntraed hea

FIGUR a. OuhotEgeofcrot oufaCoceintrPednetar

Shown in Figure 7 (200X magnification).
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* FIGURE 8. Section Viekv of Penetrator With Deep

Control Groove Beh inid Primary Failure Zone (P-71 D
After I mpact oil Sivid Iiqet it 2970 ft 's.
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FIGURE 7 Section V,,vw of Penetrator With Shallow

Control Groove Behind Priiary Failure Zone (P-71S)

After I inpact on StfI Tirqet -it 2980 ft, s.
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U
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FIGURE 6. Section-View Of Penetrator With Deep Control
Groove in Primary Failure Zone (P-46D) After Impact
on Steel Target at 2950 ft's.

Fwigrcs 7 a11d 8 h~ pclicl r.1a l~sWhich i m pac tcd alt Simtilar vCloci tics of'
_)80 anid 2970 t .rcspcctIivck l B oth i cnlra toys had luroovcs located 0.7 1 inch
from tile Iron t cnld of tilec projeCtC c id on itsidc of' the lrinlarv /in of' 1tzilurc.
'Fil penet rator Of' [iurc 7 had a shallo% groovc. whiilc til hc puclratbr of' [iure 8
had at deep groovc . Al\thiough tile buckling was somecwhat grcatu to')I c

Lroo~c. neithecr (fl these pciictrators SLStainlCd slir ltralrCS ill thw sidcwall. As all
of' thcsc h-u~rcs dhow tie prlimarYA Mode Of* Ita un rc f'or the pcnct rators Which
illmpitCd thin ',fcel targcts wasl iiiltcLralti O f otilc 110SC anid [lot laZi1lrC of' tile

Xht-cincShCJar banlds r itlntil'id both inl tile Slrl'ac.c arca, of' tile
1101C aMid inl tie bnl1gcs.I arcas of tilc s idcwalk. Inl both loca:tionIS thi l c ban,1.1%ids
'. C re assoc ialt ud \k ithle Iic toIatI 1 01' sh Ica r tractiFrs. I ilUnr-cs Q and 10 arc

rcrcctaiv 1 h tile ri rah'1tud1k ShiCdr bads v', hlicl tbrnIMd along11'' ileM1cr edge
of tlic proicctic tacc. I w,1nrc 1) sJlo\\s, innitipic banlds aI" thic\ app~jcarlcd inl ii
p;)uICCHIC wilchi iinijxictcdl It S 1 11 hi Ic I unric 1(1 shlo\\ a siltuic banld
formcd (il the oppositc ,idic Of 111c ,illlc piojuct1ic (sce I iguinc-

14
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of Ilk irclr::ro.1 OM' \\ClIC I)SCIld 5os seli.0 ho thkliS. otiLIirJl
C ITCL I for Imctrators \0c Ilkli npjickd at simil1ar vefocil jes of' 2985 and 29)50 li/ys.

respe":ct e. Hot ratirs at Liho c, located 0.40 inich f'romi (lie front end of'
the projctiile So that the Vn\c \\ clc located illie primar\ zone of' failure. The
penletrator 0f lirtmrcl IIL ha I \llallutA Lloove\C I clC reslted inl lin nor kuckling not
HmuchI dmffOCit frloml lhai ,Ll'aljilCLI h\ wlcphn all lcteraiol of' iure 4 at
;IhotIt the samell impI 1)actI \ cl I% I he )CIAlio slio%% i illIi. ligure 0 had a deep
1erooVC which reSlteI d inl cnplifilure1- of the sidewall due to shear- frlacture

ciGURa 5.t Setin-ie of tintrte With Sha.o

Coto roei rmr FiueZn P4S fe

Conatro o v inee rimtary F29l8 r Zoe P-6 At
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C\ trilvl Short impaI~ct diiol' MrOi ~ildci Ca iisl C\ te 1151W sI less \ I i tct it)nIt

inl tile penlet rator nose.

Plleetrators W ItliotiI 105e un 5%C Ncrc tested a iiItIt)Ik speeds tip) to1l0 t 3600) fts
\\ itlioti inlcurr'inl- fadilure- h\ Inl.,1I tIlli tile sless all. esI eti though adt the liie ,peeds,

thle nlose \\as nlearl\ colin pietei ti0r\Ced. lCenetrators, wsuil grooxes.. loct.-ed inl thle

*primary ioneC of' filure11 sitoss" Neti siiirtrct ileCs eiIlaI~ihit I'I Iri sOtc o1 tile deep)
eroo\ C at tic ihier no paijct eCiocit ks. bitt1 tue rmiiir 11ids of' lhure aWilt
0-oecnrred Ill tile nose, 'eCittlIS ot file piiCM tr s.

I mitre 4. Muitch1, is i\i'd cross sct~O tol 1o tile for\sIard porItiOm ol' a1lii- I

penletrato'r (lit) Lltitis, es wich imlpacted at 299~5 ft S. slims sS tile variou.s faLilure- patteris
encounteredi. Nos01,tiCg inl.'LIids (I I iat.1ctal ulimof, the frlonital portioti accoi-

panIliet. hs \iai oiented tetisIle fraCIIIctrs. sonic of V \iich radiate out1WaIrd fro1i1tile
Center of the nose and others ofi which apea ascir-cLar rinl'- fractuires. w\ith bhoth
geolie tries occasionlAiN ter-llnitiatin with a shear lipl at the trontal Surface. (2) Shear

*banlds alon11 thle outtside edgLe ofI tile f'rontal sutriace;- and (3) 1 ai of' parallel tensile
tractuitre suri'aces idelitiedCL aS spad1 I'i~dtI_ Mrehre. 'I MIre I-C1teth from stress wave re fleet-
ions otf thle bick sitrface of' t ile nose. As many as f'ive IZ1 splltrICeS Were found at1
(ile hi-her impact Speeds. a pr.ocess r r-(~ingll Very iih-aiiplit ude. sitort-dura tionl stress

- - tratnsients.

FIGURE 4. Section-View of Smooth-Wall fP-N) Penetrator
* After Impact on Steel Target at 2995 ft/s.
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OcoilIC t icat pattcril fth iiii\Iiiiltiiii trazljcciolrics. Illis Jl)lIOJCtI provides a
I caI i ~It \ Simiple incails I\~ Miicti tic Lcoliitrical orictital iou of' lic preferreird planes ot'
stcar tailur11c Cail he pICdiCtCdt C\Cen (uIIdcr tll.- inteinse loads produnced by hligh velocity

inipIact Or COnta ct dttOiia on111. It i,, at1oiig thiese preferred plns of- shear failiure that
the shecar haunds arlC foi-iicd. hccoiliiii Inl iiaiiv Instainces Itile pattImays for shecar
tractnr-c. Of Major iiiip)OrIMICC ill t his appr~loach is tile tact that. iii tic behavioral

Coii)ipa risoii hct wCci tlic '4at icda I aiid i il)iipn l lod ctSyStCiflS. tlic geometrical
lii ttCrl ot tile iflaXiiiiuIIII sticar trIJccIrics r'cimiains ttic salic xM iettier tile met.al is inl

tile elastic Or- tie tt \ ictdcd -oiidit ion Rctcriincc 12).

ROLE IN ORDNANCE APPLICATIONS

Inl or~d nancc app~i cat iOIN shC sicar bandiac bcenl Stud iCd malinlly inl termis of' the
t'aitu rc processes ot' inc tat tarlects so bjcted to prIOjCt ilc imnpact I Reterences Q. 13. and

*14). To a lesser dcerce tile\ hiave bccnl StudiCd for tice role they may play inl thle
frageiin tat ion process of IX eplosivelyv loded cvlinde rs or fragmnentat ion warheads
( References 15 and 16). Pearson and( Finnecan have also related thle f"ormation ol'
conIcentrated Shear banlds to ttie h ighily effective frageniutat ion cont rot exercised by
shear-con trot urids I Re ference 1 6). Other investilldtors have discuSSed thle possible role
ot shear. bands ill tlic shatter behavior of' kinetic eiirgv nt rators, and related thle
penetrat ion perf~ormance ol' differeiit penetrator iiaterials. at least inl part, to their

relative tenldecy to Shear adiabat ical at tile iliiipact surface (Reference 17).
a -OLII understJIdine_ Ot* Shearhldl"i

\kllilC a thorog _r bandng i still tacking, inl teris olf
reqired stress intensities. t ime rates, Of' loadiI1g thte t herinoineclianical processes of' for-
mat iou, and Other physical aiid nicktatl]iirgicat aspects of' their behavior. the rote of'
sticar lhands inl ordnan11ce: applications is (I uite clear. Inl many instanices they are the pre-
curIsorI to catastrophi t hi\r byshear tracturC. lortunatetCIN C1 even though tile overall
kiio\\edgk: ot' shear band toriiilati~in and( bhavior is Stilt (Ilute limlitedI it is p)OSSile. aIs
iiidicatcd above. to predict the geoiiitrical aspects ot' shear band formnat ion and tile
SLibseqLiciiIt pattern oit shear fldraIc. illis e CIini analysis Canl then1 be i (le in

* (rderI to ( I ) Luse these tailurc paJtternIs to eiihiaiice thle effectiveness of' certain types of'
ordnanice. suich as controlled tragmentation warhecads, or (2) restrict their ',ormiationl
lirooli appropriate dIcsign.l as ill thle sur\ivabitit ot' taretso-pntaos

* RESULTS

BEHAVIOR AGA\INST THIN STIl-L TARGETS

Pl!ciictratOrS \010 lik h iiitxtd thlicl targets IMdi) S1chit C\tCIISiVC (h iiiiage to thle
iilosc ill additiiii to 111t -iild~uiie.Itc t\ pc 01 daiiiag1c siistaiicd b\ 'thle pIeII-
tr~ior iioM.' ill til, t\I' (fl h i'iihI CS(1ltCI tioiii theC lru'C coiitdkt 101.iC, anld
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The trnfrain tyeof shear hands J firs dsr bedh /len and

high trilrates. D~escribedl as dibNti shears" (Reference 81Or"OitCC1iHtrLtd
shear hands-' (Reference 9). they, are generally thought to be thiermnally sOtteiCLeI

*/.ines that initiate and gro aloiic trajectories of axum Shear stress, it the 1,te
of' Iteatijie, withinl the zone twim mechanical work excee-ds the rate of' dissitxmt101 hiyb
coMItict 1), pOCeSSeS. TI I' etei-resistait t whIIite C hanrd is eonsidered tI o be alil
unltemupereld inartensite Which reCsnits if' the temperal-.ture- 01 the shear kihnd beCCOicse
hligh emiough to tnrisf ,ornt1 the ir-on inlto its high-temlperattire (anstenlite I phaIse the
SurrToundimmL Metal thereupIIon serves as. a massive hecat sink anld A hl Iel COohIiiie Fae
resul1ts. Recently,. RogerIS and Sliasry showedI, wNith mIl adnedFISs measuremenl~lts.Uthat thle white-etching transfor-med band is USlJly preceded bx a lig-eclh inc sheCar
band slhowi ng~ in tense defornma tion only (Re ference 10()

That the ''deformlation'' type of shear band perfoirms the sautec laihilC Junction
inl other metals, that such deformalltions Canl be inlitiated by the samlie Lceneral inlten-
sit ies anmd ieoonet ris of load, anrd thItat thle appearance di fferenrce is a fuictiontoif0
material propertie r more recentl reo"led phenomena. As Rogers ita oil~
out (Reference 11I). the majority of' the adiabatic shear. observat ions reported ini
non ferrous metals are of the de frmlIled type. wliile the t ramistormuled t \ pe is prFi i-
cipally obser-Ved inl ferrous.1 metalIs (bte Plain low-carbon steels are a notable
except iou .

GEOMIETRIC ANALYSIS

Inl the geomietric sense, shear bands follow thle t raetrisoma inS 'Ii~ll in C er

which exist inl thle metal part duigthle loain pocess. ]TuMs ill ieFd ictinc thle
0Potential orientatioin of' shear bands in anl imllllsively loadedI Metal body, One m1us"t

first establish the geometry of the stess field which is formedCLI and from1 that
geometry determine the orientation of' thle trakiectorics of' mtaximumit she'lr. A Zcenercal
analysis requ1.ires that the dytiatlic behavlior- Of tile ilipulix el\N loaded Metal be
ittoinentarily ''fro,enl so that the stress field that exists a~t aml, giveit intstaint in a

*particular elemnent of thle body calil be viewed -y Sici. concepts. I \el 11i thogh the
mlagnitudeCs Ot the loads *attd thle timeI-hlistories Of loaditte' nay be dra'stically
different het\emt thle statically and imlielCy 10ade. s~stemls, tile 011tietitOmi 0h
the prinicipal stresses and the plaiies of' ntax1itnumll shear as tlte\ are mtomentarily

Festablished in the element of the body canl be determn1imiedI froln static loadimng

0concepts (i.e.. elastic thmeory ). [lhe shear plaine that is mtost apt to suppor)01t failureV
canl also be readily determllined from11 a thtree-ditlCnemisotia \10111r's circle aitak Nssbae
onl t11e relative mulagnituidcs of tile three prntcipal stralimis.

Byv tot involving the actual quanltitatie vales of' stress. mualu of thecomlx
ties Which occur ill jCoimti2- limit1 the elastic stlate ti trough gros detFOS"a on0-11I11 aid

*finally to fractUre can be avoided. Rat hIetI the aIMa\siN is tes rcd toC0rtain
qlualitatiye and behavioral featuires M hich calt be estabhishd froutm hs ic retoils



FIGURE 17. Section-View of Penetrator With Deep

Control Groove Behind Primary Failure Zone (P-71D)
After Impact on Concrete Target at 2448 ft/s.
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I \ lencieiiilerriialvr~oes\\le I)LCWll Ill lie 1Ilea)I1%i)lL-ietlaieas , of
itroditi 1-1 11' Itii il It-to-ee Ildll 01 (I CAMeltlll,l1i lll xxcl e (tl eli Illd ,k t il11L
blallt is lllallatill il ihiul 4 kcie lee\" 1111 tile eLltll ( tile -ti!~s'i romct. It

aper Him~l tilt. Illi ltio f haI~ iie'e1c it xi eieIott tile colilapse prIoC'es1 Of tile
Il~fe o l lc e tile locationls ofIIIIcI l Ie ie It oukter htulllirtildllI011.lded xx Ith1 thle

closurel enlthi o, tile vrotie.

I) esc hi oad hanIIds oI def tooInt itill x ei.C first Iltuticed I.x hl polished and
etelhed Il1ll-sct ion',is ~IC \ le\\ed iumlr N liil lnuit IuIm- colntit ions. lunder a hiuily
(11ir,1101,11li hiler-titi hilMl beamil, IleVS ,1 kC sllO\ 1) Lit as Cilc lili CI1101or dark regionls
tinli ngCIdII Onl thle oriell Ittl of thle sNllllieC xIil respeet to thle beaml. Whenl

xievIed under io-11,1 cdl 1incI t he bads dWere- d i flieit t see.,C alIII1 tllougi

stoneII ail IlIIt o f tile ili I x as 1 1%lobservedL. Ill speelllensI1 11lA! iipaeIted tile slilli-
falt cd ColiceretecI' taruts tile d L.If rillt oI ~d 11 1hIdLIireC tedC to0Ward-L tile rlOSe ol' tile
pjeej'tile Was Ueeily-ilk oeds net1- .a,, tilt11gil it Ilad LIlleiCIllle1 at greater dcree
Of tdeftormationl. When xx11 all faililr' H searfrcture1 oeeLlrred. tile fracture normally
pr Iopagated1LI111- .tlril tihe haJnt xxIii tins patrt eniar orientation. D~efornmation hands oh'
11ii I \ pe wereI also s omeI t I jIIl-eds associ te C xI V Ill tile lese hu'W-1)LIgI"i tg I I eIhIi IIoccurred
xx hell tile -IttiVes, xx ere Ioeated1 outside thle prllar liIlure 1011C. Inlel aI situatLition.,
htti of tile deformlatillnd appeared' tO he oh' simnilar intensity. Complete faiilure
tif, tile xx al wa %s [tot oiiserxc etdt tihis lOtCltiOl altilOL-1gil sl0111e permanen11ct huJ1ig
wais Observed alt tile Iiligier ImIpact veltocities. als Sihown ill FiLureI 17.
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